CpG-island margins and non-island-CpG sites round the transcription start sites of CpG-island-positive and -negative genes are methylated to various degrees in a tissue-specific manner. These methylation-variable CpG sites were analyzed to delineate a relationship between the methylation and transcription of the tissue-specific genes. The level of tissue-specific transcription was estimated by counting the number of the total transcripts in the SAGE (serial analysis of gene expression) database. The methylation status of 12 CpG-island margins and 21 non-island CpG sites near the key tissue-specific genes was examined in pluripotent stromal cells obtained from fat and bone marrow samples as well as in lineage-committed cells from marrow bulk, stomach, colon, breast, and thyroid samples. Of the 33 CpG sites examined, 10 non-island-CpG sites, but none of the CpG-island margins were undermethylated concurrent with tissue-specific expression of their nearby genes. The net methylation of the 33 CpG sites and the net amount of non-island-CpG gene transcripts were high in stomach tissues and low in stromal cells. The present findings suggest that the methylation of the non-island-CpG sites is inversely associated with the expression of the nearby genes, and the concert effect of transitional-CpG methylation is linearly associated with the stomach-specific genes lacking CpG-islands.
INTRODUCTION
Mammalian development initiates transcription factor cascades and DNA methylation to maintain the orderly transcription of housekeeping and tissue-specific genes (1) . During this process, the DNA methyltransferase 3 establishes a genome-wide methylation pattern to lock the inactive state of the tissue-specific genes, while the DNA methyltransferase 1 plays a vital role in the maintenance of a tissue-specific methylation pattern (1) . In addition, in vivo and vitro adult tissue studies have shown the multi-lineage differentiation of stromal cells derived from fat and bone marrow tissues (2, 3) . Specifically, marrow stem cells have been found to migrate to gastric mucosa infected with Helicobacter pylori, where they then undergo gastric epithelial differentiation (4) . Errors in the maintenance of DNA methylation, which occur much more frequent than errors in DNA replication, are believed to create variations in methylation patterns associated with the process of tissue development and renewal (5) .
CpG-rich islands in germ-line and adult somatic tissues remain unmethylated throughout the lifetime of individuals, while promoter regions lacking CpG islands are methylated to various degrees (6, 7) . Accordingly, the CpG islands usually overlap with the unmethylated promoters of the housekeeping genes, whereas the tissue-specific genes that do not contain CpG islands have methylation-variable sites in their promoter regions (8) . The methylation-variable sites that are prone to replication errors have been expected to induce the dynamic process of development and differentiation (9, 10) . However, the relationship between the methylation and transcription of individual genes has remained elusive due to the complexity of the methylated CpG position and content (7) .
Alu and L1 retroelements are highly repetitive sequences that are dispersed throughout the human genome as a result of long-term evolution (11) . Several studies have suggested that the densely methylated retroelements influence the gene expression profiles via methylation-based mechanism (12, 13) . In fact, it has been demonstrated that the transitional area between the unmethylated promoters and nearby methylated retroelements, such as the margin of the CpG islands and the non-island-CpG sites near the transcription start sites, is methylated in a tissue-specific manner (13, 14) (Fig. 1 ). There-fore, the variable methylation of the transitional-CpG sites is likely to mediate the regulation of cell differentiation.
To delineate the methylation patterns of the key tissue-specific genes in pluripotent cells and lineage-committed tissues, the methylation-variable sites of housekeeping genes with CpG islands and tissue-specific genes without CpG islands were examined using seven adult tissues including fat and bone marrow stromal cells and gastrointestinal tissues. The non-island-CpG sites of the genes lacking CpG islands in stomach tissues tended to be undermethylated in a pattern consistent with the stomach-specific strong expression of their nearby genes. In addition, there was a linear association between the net methylation of the transitional-CpG sites and the expression of tissue-specific genes without CpG islands. This suggests that the methylation of the transitional-CpG sites has both negative individual and positive concert effects on the expression of the stomach-specific genes lacking CpG islands. . Fat tissues and bone marrow aspiration samples were cultured for the preparation of stromal cells using a previously described method (10) . The cell pellets isolated from marrow aspiration specimens were used as marrow bulk cells. The glandular tissues of the thyroid and breast were dissected microscopically from surgically resected adenoma tissues. Normal mucosa of the colon and stomach antrum and body separated by a 5-cm distance were obtained by endoscopic biopsy. The presence of H. pylori in normal stomach mucosa was confirmed using the Warthin-Starry silver impregnation method. Frozen or fresh tissues were then digested in a Tween 20-Proteinase K lysis buffer for 12 hr at 50℃, after which the genomic D-NA was extracted using a DNA isolation Kit (A1120, Promega, Madison, WI, U.S.A.) according to the manufacturer's instruction.
MATERIALS AND METHODS

DNA modification with sodium bisulfite
Bisulfite conversion of the genomic DNA extracted from the fresh tissue was performed as described previously (10, 14) . Briefly, 1 μ g of genomic DNA was denatured with 10 μ L of 3 M NaOH for 15 min at 37℃ prior to modification with sodium bisulfite. Next, 100 μ L of the denatured DNA was treated with 1,040 μ L of 2.3 M sodium bisulfite and 60 μ L of 10 mM hydroquinone for 12 hr at 50℃. The modified DNA was then purified using a Wizard DNA purification resin (Promega), after which it was precipitated with ethanol and then dissolved in 35 μ L of 5 mM Tris buffer (pH 8.0). A 1 μ L aliquot of the modified DNA solution was then placed in a 200 μ L microcentrifuge tube and stored at -20℃ until further analysis.
Radioisotope-labeling methylation-specific PCR analysis
Methylation-specific PCR (MSP) primer sets designed to contain a GC content >40% and 3 to 5 CpG dinucleotides near the 3′ -position. The MSP sites are shown in Fig. 2 . All the MSP primer sets covered a short amplicon of ≤150 bp and a small number of CpG dinucleotides. These CpG-poor MSP sites reduced the difference in GC content between the unmethylated and methylated DNA following bisulfite modification, and then allowed the linear amplification of the unmethylated and methylated sequences under a stringent PCR condition (Fig. 3A) . Repeated radioisotope-labeling experiments have demonstrated that the dTTP-radioisotope, in conjunction with a low concentration of dNTP, produces a balance of PCR band intensities from the same amount of unmethylated and methylated DNA (14) (15) (16) . Finally, a 1 μ L of bisulfite-modified DNA was labeled with 1 μ Ci of α -32 P dTTP (PerkinElmer, Boston, MA, U.S.A.) in 10 μ L PCR mixture that contained 62.5 μ M of dATP, dCTP and dGTP, 25 μ M of dTTP, 0.5 pM of each primer, 0.1% Tween 20, and 0.06 μ L of Taq polymerase (5 U/μ g, R001, Takara, Shiga, Japan). This mixture was subjected to 32 PCR cycles under a hot start condition to reach sub-plateau DNA amplification. The band intensity was measured by repeated autoradiography using a radioluminograph scanner (BAS 2500, Fuji Photo Film, Kanakawa, Japan) and the TINA image software (Raytest Isotopenmeβ gerate, Straubenha_ rdt, Germany).
The common-PCR primer sets were designed to encompass both the unmethylated and methylated CpGs in the CpG amplicons. Each CpG amplicon was analyzed by cloning and sequencing the common-PCR DNA as previously described (10, 14, 15) . The methylation-variable sites estimated by the radioisotope method were similarly confirmed by cloning and sequencing of common PCR products (16) (Fig. 3B) . The PCR specificity of each MSP primer set was then validated by plotting a standard curve for a mixture containing different ratios of the methylated and unmethylated DNA clones.
Next, the density of methylation was calculated as the relative proportion of the methylated-band intensity to the total intensity of unmethylated and methylated bands following a method that has been described elsewhere (10, (14) (15) (16) (17) . The density of methylation was then reported using the following scale: level 1 (0-20% methylation), level 2 (21-40% methylation), level 3 (41-60% methylation), level 4 (61-80% methylation), and level 5 (81-100% methylation). The band sharpness and reproducibility of wide-range variable methylation were improved with the radioisotope-labeling protocol when compared with the non-radioisotope PCR bands including real-time PCR and with the results of common PCR DNA sequencing (Fig. 3, 4) . The radioisotope-labeling amplification of bisulfite-modified DNA was found to reproduce the same levels of band intensities in >95% of 20 experiments conducted using the duplicated DNAs for each MSP primer set.
Tissue-specific transcription estimated using in-silico data A total of 17,723 reference genes identified in a public database (http://genome.ucsc.edu/, March 2006 assembly) were analyzed to calculate the GC percent and CpG content in a 6-kb segment spanning from 5-kb upstream to 1-kb downstream of the transcription start site. Genes with a CpG ratio of >0.75 were categorized as high-CpG genes, whereas those with a CpG ratio of <0.48 were categorized as low-CpG genes and those with a CpG ratio of 0.48 to 0.75 were classified as intermediate-CpG genes. There were 12,220 high-CpG genes (69%), 2,685 intermediate-CpG genes (15%), and 2,818 lowCpG genes (16%). To clarify the activity of tissue-specific transcription, we analyzed the SAGE data estimating the number of expressed sequence tags (i.e. transcript) as well as the microarray data estimating the intensity of transcript hybridization signal.
The SAGE database (http://www.ncbi.nlm.nih.gov/SAGE/) provided the absolute number of expressed tags for genes in embryonic stem cells, bone marrow cells with CD34+/CD38-, marrow bulk, thyroid, mammary gland, colon, and stomach 
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Statistical analysis
An independent t test was used to determine if there were any significant differences in the level of methylation between 1) the CpG sites associated and not associated with their nearby gene expression, 2) H. pylori-infected and non-infected gastric mucosa, and 3) stromal cells and lineage-committed tissues. Statistical analysis was conducted using the SPSS ver. 11.0 software. Two-sided P values <0.05 were considered to be statistically significant. 
RESULTS
Expression profiles of key tissue-specific genes
The number of transcripts of the 33 genes evaluated by analyzing the SAGE data is listed in Table 2 . The eight genes lacking CpG islands (TPO, PGA5, ATP4A, ATP4B, NAA-LAD2, MSLN, TFF2, and PGC) were strongly expressed in a single type of glandular tissues derived from the endoderm layer. Both the TFF1 and TFF3 genes without CpG islands tended to be commonly expressed in glandular tissues. Although the BGLAP, PADI4, MASPIN, RUNX1, and APC genes lacking CpG islands and the CD34, PPARG, SHH, RUNX2, and RUNX3 genes containing CpG islands are wellknown to be expressed in a tissue-specific manner, the SAGE data showed a low-number or no expressed tags corresponding to these genes in any of the tissues examined here. Consequently, the SAGE data counting the absolute number of transcripts demonstrated that the expression of stomach-specific genes lacking CpG islands was remarkably strong when compared with other tissue-specific genes.
Tissue-specific methylation associated with tissue-specific gene expression
The methylation density of methylation-variable sites was calculated using the 5-level classification of CpG amplicon (Fig. 5) . The 21 non-island-CpG sites close to the transcrip- tion start sites of the genes lacking CpG islands tended to be densely methylated at a level of ≥3, whereas the 12 genes containing CpG islands were weakly methylated at a level of ≤3 in all tissue types. The mean methylation level of the nonisland-CpG genes was high when compared with that of the CpG-island genes (3.32 vs. 1.95) (Fig. 6A) . The methylation status of each gene in a given tissue type was then scored based on the mean level of methylation estimated in each tissue-type samples. If the mean methylation was lowest in the corresponding tissue type, DNA methylation and transcription were considered to have an inverse association. An inverse association between DNA methylation and transcription was observed in 10 non-island-CpG genes, BGLAP, PAD14, TPO, TFF3, TFF1, PGA5, ATP4A, ATP-4B, GHRL, and MASPIN. However, no inverse association between methylation and transcription was found in any of the CpG-island genes.
These 10 non-island-CpG sites in all of the tissues tended to be more densely methylated when compared with the 11 non-island-CpG sites that were not associated with the expression of their nearby genes (mean level of methylation, 3.55 vs. 2.95, P<0.001) (Fig. 6A) . Therefore, the 33 CpG sites were divided into 10 dense-methylation sites inversely associated with the expression of their nearby genes and 23 weak-methylation sites, including 11 non-island-CpGs and 12 CpG islands, not associated with the expression of their nearby genes. When the methylation of each gene was categorized as undermethylated or overmethylated based on the median level of methylation observed in the seven tissue types (Fig. 5) , both the weak-methylation genes with and without CpG islands were overmethylated in one or two tissue types (mean number of over-vs. under-methylated tissue types; 1.1 vs. 3.7 and 1.5 vs. 2.7, respectively, Fig. 6B ). One (TFF1) of the 21 nonisland-CpG genes and six (ARRDC4, CDH1, MLH1, PPA-RG, CDKN2A, and RUNX3) of the 12 CpG-island genes were densely methylated in gastric mucosa infected with H. pylori when compared with non-infected mucosa (Fig. 6C) .
Methylation-transcription relations in stromal cells and lineage-committed tissues
The mean methylation level of the 23 weak-methylation sites was significantly lower in the fat and marrow stromal cells than in lineage-committed tissues (P<0.001) (Fig. 6D) . In addition, the methylation level of these weak-methylation sites in various tissue samples was high in the following order: body and antrum of the stomach>colon>bone marrow bulk> breast>thyroid>stromal cells of fat and bone marrow. The histogenetically related cells such as marrow stroma vs. bulk showed a difference in the methylation level of both non-island-CpG and CpG islands (Fig. 6E) . A comparison of glandular tissues illustrated that the methylation of CpG islands was high in the following order: stomach>colon>breast>thy-roid.
Due to differences in the method of transcription measurement between SAGE and microarray analyses, all active genes were sorted in descending order based on their transcription activities and top 2,000 active genes were selected from the SAGE and microarray database (Fig. 7A) . The proportion of CpG-island gene transcripts in the total transcripts was higher in embryonic and hematopoietic stem cells than in marrow bulk and four glandular tissues, stomach, colon, breast, and thyroid. In addition, the microarray data revealed that the expression of CpG-island genes was higher in marrow and fat stromal cells than in the four glandular tissues. The transcription of the non-island-CpG genes in the glandular tissues that were estimated using both the SAGE and microarray data was high in the following order: stomach>colon> breast>thyroid. When the CpG content of the genes was divided into high-, intermediate-, and low-CpG genes (Fig.  7B) , the average transcription of low-CpG genes was highest in the stomach and marrow bulk. Consequently, analyses of tissue-specific gene methylation and transcription and global gene transcription demonstrated that the expression of non-island-CpG genes was relatively decreased with the net methylation of both non-island-CpGs and CpG islands in bone marrow tissues and was relatively increased with that of CpG islands in glandular tissues.
DISCUSSION
A series of studies have reported that there is an inverse correlation between tissue-specific expression and methylation in approximately 30% of genes, most of which have no CpG islands in the gene-control regions (6, 7) . However, a large proportion of the high-and low-CpG promoters are unmethylated and methylated, respectively, regardless of their transcriptional activities (7) . In this study, the 10 key tissue-specific genes that were less methylated and more strongly expressed in a given tissue type were always found to have no CpG islands in the gene-control regions. The mean methylation of the key tissue-specific genes estimated in extraneous tissue types was denser than that of the remaining 11 nonisland-CpG sites and 12 CpG-island margins. Interestingly, the weak methylated of non-island-CpG sites and CpG island margins that were not associated with their nearby gene expression was the lowest in the pluripotent stromal cells and was linearly associated with the relative proportion of nonisland-CpG gene expression to CpG-island gene expression in lineage-committed tissues.
It has been suggested that the methylation of retroelements associated with human genome evolution initiates the spread of DNA methylation into the adjacent gene control regions during embryogenesis (12) . The tissue-specific genes without CpG islands that were close to the retroelements (14) showed an inverse association between gene-specific methylation and expression, and were densely methylated when compared with the genes that were expressed irrespective of their nearby CpG methylation (Table 3 and Fig. 6A ). The chromatin structure is closely related to DNA methylation and organizes an intranuclear dynamic network by which the nucle- ar processes for transcription and replication rapidly respond to cell-intrinsic and -extrinsic stimuli (18) . The initial transcriptional activation of key tissue-specific genes results in chromatin being remodeled after which transcription factors are recruited to the key gene where a group of genes initiates the formation of a transcription hub (19) . The relatively undermethylated tissue-specific genes with dense-methylationCpG sites then likely nucleate the master transcription center to coordinate gene expression for the developmental transcription cascade and cell lineage specification. The mean level of weak methylated non-island-CpG sites and CpG island margins was found to increase in differentiated cells in comparison of marrow stromal versus bulk cells (Fig. 6E ) in consistent with a previous study (20) . Additionally, each weak-methylation site was tissue-specifically overmethylated in one or two tissue types whereas the dense methylation site was tissue-specifically undermethylated (Fig.  6B) . Therefore, the increased methylation of weak-methylation sites indicated a late epigenetic process following initial activation of master genes with dense-methylation sites. When considering that Polycomb proteins in adult stem cells promote DNA methylation to induce multilineage differentiation, which is also known as epigenetic memory module (21), the weak-methylation sites appeared to be further methylated in adult tissues that were under the influence of the epigenetic memory module.
Microarray expression libraries
In this study, the overmethylation of the CpG islands was common in gastric mucosa infected with H. pylori (Fig. 6C ) in consistent with a previous report (22) . An analysis of the surface-to-gland axis of the H. pylori-infected mucosa revealed that all major gastric genes lacking CpG islands were weakly expressed in middle stem-line cells and strongly expressed in surface differentiated cells (23) . Given that pluripotent stem cells derived from the bone marrow often undergo gastric epithelial differentiation in gastric mucosa infected with H. pylori (4), a linear association between weak-methylation sites and non-island-CpG genes observed in this study suggests that the increased methylation of the CpG-island margins up-regulates the inactive or weakly active gastric genes lacking CpG islands in the H. pylori-infected mucosa containing marrow cells.
The marrow and fat stromal cells up-regulated the housekeeping genes with CpG island and down-regulated the tissue-specific genes without CpG islands in consistent with the transcription-ready state of embryonic stem cells (Fig. 7A ), which was also described in a previous study (24) . Previous studies have suggested that random changes in the neutral CpG methylation that result from replication errors during DNA methylation are asymmetrically divided among two distinct progeny cells, stem-line and differentiated cells (5, 25) . The error-prone changes in gene-regulatory methylation sites might result in an increase or decrease in DNA methylation and were selected and expanded depending on their effects on the expression profiles. It is possible that progeny cells that attain a high level of methylation in weak methylated CpG sites up-regulate the gastric genes lacking CpG islands during marrow-derived cell differentiation in the gastric mucosa, whereas progeny cells with a low level of weak methylation remain in the stem-line lineage (Fig. 8) .
The PGA5, PGC, TFF1, TFF2, TFF3, and GHRL genes were expressed more strongly in one of the antrum and body sites ( Table 2 ). In addition, the MUC5AC, MUC5B, and M-UC6 genes lacking CpG islands were found to be weakly expressed in the stem-line cells and strongly expressed in either the surface or bottom differentiated cells of the gastric mucosa (23) . Consequently, all the gastric-specific genes had no CpG islands and were complementarily expressed in the two distinctive subsites. This suggests that in the early developmental stage as well as adult tissue environment, the asymmetrically increased methylation of methylation-variable sites upregulates the non-island CpG gastric genes in the distinctive subsites (Fig. 8) . Although the Polycomb proteins promote histone modifications in adult stem cells, there is a little evidence of asynchronous histone modifications (26) . Moreover, the newly synthesized DNA in adult tissues was methylated largely independent of histone modifications (27) . Taken together, the fine regulation of the non-CpG-island gastric genes for the bifurcation of the stem-line and differentiated cells appears to depend on a DNA methylation-based mechanism.
Highly expressed genes can organize a master chromatin compartment in the nucleus, in which CpG-poor tissue-spe- Multi-lineage differentiation cific and CpG-rich housekeeping genes share the transcription machinery for their coordinate regulation (18) . In a nuclear space that contains the limited amount of nuclear proteins, the low-CpG genes may have a higher probability of using the nuclear proteins in a manner complementary to the highCpG genes. The increased methylation of weak-methylation sites is likely to decrease the accessibility of a chromatin compartment to nuclear proteins, thereby allowing the CpG-poor genes to use more nuclear proteins than the high-CpG genes. Only 16% of the total genes have a low CpG content (based on analysis of SAGE data), which indicates that a large number of weak methylation segments has a strong concert effect on a small number of the tissue-specific genes without CpG islands. In fact, the CpG-poor genes on the active X chromosome are hypertranscribed when compared with those on the autosomes (28) . Therefore, the non-island-CpG gene linearly associated with the mean methylation of the 33 transitional-CpG sites (Fig. 6E) , which was less methylated and inactive in the marrow stem cells, might be strongly expressed in gastric mucosa and marrow bulk cells as a result of the concerted effect of the weak-methylation sites.
We compared DNA methylation profiles of 33 selected genes examined in seven tissue types to SAGE data estimating the entire gene transcripts in other samples of the same tissue types. This experimental design is perhaps a potential flaw in credible data showing a direct relationship between the methylation and expression of individual and global genes. However, the relative proportion of non-island-CpG gene expression to CpG-island gene expression was relatively increased with the mean methylation of the 33 transitional CpG sites near key tissue-specific and housekeeping genes in lineage-committed tissues. Both self-organization and dosagecompensation models strongly suggest epigenetic chromosome structure in which CpG-poor tissue-specific genes and CpG-rich housekeeping genes reciprocally interact with each other. Therefore, at least, it is likely that a set of the selected transitional CpG sites partially reflects tissue-type-dependent methylation levels in different tissue types (12, 13) .
A low GC content and repetitive sequence in the methylation-variable site limited the template-primer and amplicon-probe specificities due to the reduced sequence complexity of heterogeneously methylated DNA following bisulfite treatment (29) . Accordingly, non-radioisotope PCR often showed weak or smearing bands when amplifying the variablemethylation sites (Fig. 4) . Additionally, the spotted and variegated methylation of transitional-CpG sites varied over a wide range and could not be estimated by high-resolution methods. The 5-level classification of transitional methylation was found to be reproducible using the radioisotope-labeling protocol that was conducted under a stringent PCR condition.
In conclusion, the methylation of tissue-specific genes without CpG islands is inversely associated with the expression of their nearby dense-methylation sites. The weak-methylation sites are less methylated concurrent with the weak expression of the tissue-specific genes in the fat-and marrowderived stromal cells, and are the most methylated in stomach tissues that strongly expressed the non-island-CpG genes. These findings suggest that the methylation-variable sites can exert the individual and concert effects on the strong expression of the stomach-specific genes without CpG islands.
